ABSTRACT An electrical probe phase-change memory using an ultra-high electrically conductive capping layer allows for a successful write of the amorphous bit without thermally damaging the device. Due to the severe current spreading effect, the recorded bit, however, cannot be sensed based on the conventional electrical means. We, therefore, developed a numerical optical model to calculate the device transmission resulting from a focused spot of a mobile scanning near-field optical microscopy. The feasibility of using this novel approach to distinguish bits from their background is also demonstrated.
I. INTRODUCTION
The current world is in the ''Age of Big Data'' that obviously proposes a stringent challenge for the recorded capacity of conventional mass storage devices such as magnetic disk, optical disc, and Flash memory, which are however subjected to some insurmountable physical limits [1] - [3] . Therefore, it is timely to explore more innovative mass storage devices to meet the current storage need from global consumers, accelerating the debut of electrical probe phasechange memory (EPPCM). The recording and replay processes of EPPCM strongly depend on the electro-optical properties difference between crystalline and amorphous phases of so-called phase-change materials (e.g., Ge 2 Sb 2 Te 5 , also known as GST), induced by injecting high current/low potential, via an electrically conductive probe, into the phasechange media for write and read modes respectively. Due to the joule heating, the GST media can be rapidly and reversibly switched between the crystalline phase that has a long range atomic order and low electrical resistivity and the amorphous phase that has a short range atomic order and high electrical resistivity [4] . For EPPCM, the bit size is not limited by lithographic fabrication, potentially allowing for ultra-high density. Besides, the use of EPPCM results in a high spatial resolution than thermal or magnetic approaches due to a selfThe associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller.
focusing effect of the current lines linked to the non-linear thermal and electrical responses of the storage media [5] . Due to these advantageous features, the ability using EPPCM to achieve ultra-high density, high data rate, long retention, and low energy consumption has been demonstrated during last decade [6] - [8] . However, repeatable write/readout operations inevitably results in tip wear issues [9] . Additionally, the write of amorphous bits using EPPCM usually causes an ultrahigh temperature inside the capping layer of EPPCM that is originally designed to protect phase-change layer from oxidation and wear, thus severely deteriorating the thermal stability of the device.
To thermally protect the capping layer, an EPPCM system having a titanium nitride (TiN) capping layer was most recently proposed to allow for the write of fairly small bits in either crystalline or amorphous phases without inducing excessive temperature inside it [10] , [11] . In this paper, the readout operation of this newly proposed design is investigated in both an electrical and an optical manner as a function of geometrical and electro/optical properties of layered stacks for reading crystalline and amorphous bits from amorphous and crystalline background, respectively. Readout current variation between two distinct phases is barely observed due to the ultra-low resistivity of the capping layer, while the device exhibits pronounced difference on its transmission between two phases according to a newly developed optical model.
II. ELECTRICAL OPERATION
The EPPCM studied here adopts a typical trilayered structure comprising a GST layer sandwiched continuously by a TiN capping layer that protects the active layer from wear and oxidation, and a TiN bottom layer that serves as a bottom electrode, deposited on Si substrate. Its write performance has been mimicked by a most recently developed three-dimensional (3D) numerical model that simultaneously solves the Laplace equation, heat conduction equation, and rate equation for the electrical process, thermal process, and phase-transformation process respectively [11] , giving rise to:
where V is the electric potential, σ is the electrical conductivity, ρ, C p , and k are the density, heat capacity, and thermal conductivity, respectively; T is the temperature; E is the electric field; χ is the crystal fraction; A c is the pre-factor; n is the reaction order; E c is the activation energy, and k B is the Boltzmann's constant. Within the write simulation, the Laplace equation (eqn. 1) is solved to provide current density that is simultaneously introduced to the heat conduction formula (eqn. 2) to calculate temperature profile inside the GST layer. The resulting temperature can be employed to generate the crystallization or amorphization extent of the GST media by means of the rate equation (eqn. 3). In our models, the GST media is considered to be completely crystallized when χ reaches 1, while amorphization is assumed to be achieved only if two conditions are likewise satisfied, i.e., T ≥ 620 • C (melting temperature) and T t ≤ −37 • C/ns (T t is the cooling rate) [6] , [12] . The formed crystalline and amorphous bits, resulting from the aforementioned model, are schematically shown in Fig. 1 .
It was indicated in Fig. 1 that by choosing appropriate pulse characteristics and geometrical/physical properties of the media stack, an obconic crystalline bit with a diameter of ∼ 30 nm, and a semi-ellipsoidal amorphous bit with a diameter of ∼ 40 nm, are formed inside the pre-designed device schematically shown in Fig. 1(b) and (c). It was also observed that the boundaries of resulting crystalline and amorphous bits overlap with temperature contours of 400 • C and 620 • C, respectively. Reaching melting point is undoubtedly one of the pre-requisite conditions for amorphization. In this case, only the region with internal temperature greater than 620 • C can be amorphized, thus bounded by the temperature contour of 620 • C. The crystallization degree is directly obtained from solving eqn. (3) . According to eqn (3), within the chosen pulse regime (i.e., hundreds of ns) 400 • C is the minimal temperature required to make χ = 1, thereby determining the boundary of the crystalline bit. The revealed bit shapes from simulations show a good agreement with previously experi- mental observations ( Fig. 1 (d) and 1(e)), thus demonstrating the physical reality of the developed models.
A similar stack structure to Fig. 1 (a) is naturally implemented for the subsequent readout analysis. Readout current is calculated by solving the Laplace equation only where the electrical conductivities of the GST are described based on multiple trapping transport together with 3D Poole-Frenkel emission for amorphous state and as a function of room temperature only for crystalline state. In this case, the GST media in its amorphous phase is given by:
where σ am is the electrical conductivity of the amorphous GST; E t is the critical electric field, defined by β 2 /(es) 2 where β is the Pool-Frenkel constant, e is an electron volt, and s is the distance between the two coulombic centers; σ LE and σ HE are the electrical conductivity of the amorphous GST at low and high electric fields, respectively, defined by [13] , [14] :
where K is a pre-factor; µ = µ 0 / 1 + (µ 0 E/v sat ) 2 is the free carrier mobility with µ 0 as the low field mobility and v sat as the saturation velocity; E a is the low field temperature dependent activation energy. The electrical conductivity of the crystalline GST solely relates to temperature, given by [15] : where σ 0cryst is a pre-factor; E c is the activation energy for crystallization, and T room is the room temperature. The modeling parameters required for simulations are listed in Table 1 . The readout potential of 1 V is applied to the probe and the bottom boundary of the TiN under layer is grounded, while surrounding boundaries of the stack are assigned with periodic conditions. To accurately imitate the practical setup, multi-bit array is introduced to the developed model to take into account the possible inter-bit and inter-track interferences (i.e., readout cross-talk). The readout performance is assessed here in terms of ''reading contrast'' defined by I max − I min /I max + I min where I max and I min are the maximum and minimum readout current collected during the probe movement. The reading contrast of both crystalline and amorphous bits array whose size and shape are obtained from previous write models as a function of the geometrical and electrical properties of the TiN capping is investigated for different GST thickness, as illustrated in Fig. 2 . According to Fig. 2(a) , using a thinner TiN capping with a lower electrical conductivity associated with a thinner GST layer enables a slightly higher reading contrast for both configurations. The use of either a thin TiN capping or thin GST layer can effectively reduce the device resistance and thus generates a larger I max . For a given capping thickness, the reading contrast diminishes by gradually increasing the electrical conductivity of TiN capping from 10 5 −1 m −1 to 10 8 −1 m −1 for both readout configurations. For the case of reading crystalline bit, a capping layer with smaller electrical conductivity can suppress the readout current spreading towards the surrounding bits, particularly when the probe is on top of the amorphous gap between two adjacent bits, thereby further lowering I min . When reading amorphous bits, using capping layer with smaller electrical conductivities can to some extent prevent current from spreading towards surrounding crystalline background, thus increasing I max . However, the maximum reading contrasts for crystalline and amorphous bit arrays with 60 nm bit pitch are found to be ∼1.6 × 10 −3 and ∼1.1 × 10 −3 respectively, obviously caused by the ultra-high electrical conductivity of the TiN capping that exacerbates the current spreading effect and eventually makes I min comparable to I max . It was also observed that such current spreading effect still remains severe even if the bit pitch is increased to 200 nm, yielding a maximum reading contrast of 0.01 and 0.003 for crystalline and amorphous cases respectively. Consequently, it seems that the phase-change bits written inside the EPPCM device with ultra-high electrically conductive capping layer can not be detected by sensing the readout current variation. A possible paradigm to overcome this limit is to pattern continuous media stack into multiple memory cells separated by insulated regions [6] , [16] , as illustrated in Fig. 3(a) . The designed cell comprises a GST media sandwiched by a TiN capping and a TiN bottom. The insulation media is usually made of silicon dioxide (SiO 2 ) due to its ultra-low electrical/thermal conductivities. According to the calculated readout current from a single memory cell (Fig. 3(b) ), the previously written bit can be readily distinguished from the background. This is because the insulated separation effectively prevents the readout current from spreading toward adja-cent cells, and thus minimizes the readout cross-talk effect. However, shrinking the feature size of such a patterned cell in nanometer regime is strongly restricted by lithography technologies. Additionally, this technique demands for an extremely precise probe alignment with the storage cell, and any possible probe misalignment may cause the failure of write/read operations. This consequently triggers the requirement for more innovative readout scenarios
III. OPTICAL OPERATION
As the GST media also exhibits large contrast on its optical properties [17] , an alternative way to distinguish the phase-transformed region from its background is to launch a mobile laser beam along the surface of the EPPCM and detect its transmittance variation with respect to the position of the focused laser spot. The similar strategy was already adopted by convention optical storage devices that makes use of laser beam to induce phase transformation of the recording media through joule heating for recording process, and detect the resulting reflectance variation between phasetransformed and non-phase-transformed regions for readout process [18] - [20] . It should be noticed that the spot size adopted here needs to be comparable to the bit size in order to enhance the sensing resolution. However, the conventional spot size is severely subjected to the diffraction limit and is not likely to be reduced within ∼ tens of nm. Fortunately the advent of scanning near-field optical microscopy (SNOM) that takes advantage of an evanescent field on the far side of the aperture can allow for a further reduction of the spot size (i.e., spatial resolution) and thus scale the storage capacity beyond diffraction limit. It should be noticed that the spatial resolution of SNOM system mainly depends on the gap distance between a solid immerse lens and sample disc that must be controlled precisely. In this case, by carefully tailoring the size of the aperture and tip-sample distance, the resolution of apertured SNOM is generally restricted to about 20 nm ∼ 100 nm [21] , [22] . Therefore, a 3D numerical optical model was developed here to calculate the electromagnetic field distribution and thus the optical transmission of the device by solving the Maxwell equation in its frequency domain. As shown in Fig. 4(a) , the probe laser beam is limited in a circular boundary having a size similar to the detected bit that is considered as the incident light port, and the bottom boundary of the Si substrate is set to be the outgoing light port, while the surrounding boundaries are assigned with periodic conditions. The GST media in crystalline and amorphous phases at λ = 1550 nm have a refractive index of 4.4 + 0.6i, and 3.3 respectively [23] . During simulations, the device transmissions are calculated the instant the spot size is moved by a certain distance equal to the bit size, as depicted in Figs 4(b) .
As can be seen from Fig. 4(b) , the device transmission exhibits a strong variation with respect to the laser spot movement for both crystalline and amorphous cases. Readout of crystalline array operated in such an optical mode results in the minimum device transmission when the spot is com- pletely on top of a crystalline bit, whereas the maximum transmission is secured when the spot overlaps with the surrounding amorphous region. This observation stems from a fact that the crystalline GST is more absorptive and therefore pulls the light towards the GST bit, thus causing a drastic attenuation of the passing optical signal. On the other hand, the absorption of the light when passing through the amorphous bit is suppressed and therefore does not attenuate to the same degree. In this case, the maximum device transmission when reading amorphous array occurs for the laser spot completely on top of an amorphous bit, while the surrounding crystalline region gives rise to the minimum transmission. It was also found from Fig. 4(b) that the normalized transmission differences between readout bit and the surrounding region reaches 18% and 15% for amorphous array and crystalline array respectively, implying the practicality of distinguishing the recorded bit from its background by sophisticated photodetectors. To further optimize such a transmission contrast, the normalized transmissions for both crystalline and amorphous cases are re-calculated by tailoring the thickness of the stacked layers, leading to Fig. 5 . It was clearly indicated in Fig. 5 that the device transmission largely pertains to the layer thickness that determines the absorptive functionality of the EPPCM. Therefore, the use of the EPPCM with thinner TiN capping and GST layers enables a larger normalized transmission than the thicker layer owing to the reduced absorption. Accordingly, adopting a media stack consisting of a 5 nm GST sandwiched by a 2 nm TiN capping and a 40 nm TiN bottom can effectively enhance the transmission contrast to 25% and 20% for amorphous and crystalline cases respectively, significantly improving the readout performances of the designed device. It should be noticed that this technique requires an integration of an electrical probe that was already experimentally achieved [7] and an optical probe with laser source that has received widespread applications in the conventional optical storage field [27] . These mature technologies, consolidated with the advent of 'Millipede' system that allows for multi-probe writing and reading simultaneously [28] , provides a promising route for merging these two distinct means (i.e., electrical write and optical readout). Most importantly, the designed film thicknesses can be easily achieved in practice through various deposition techniques including chemical vapor deposition (for 2 nm thick TiN film) and DC reactive magnetron sputtering (for 40 nm thick TiN and 5 nm thick GST) [24] - [26] , further proving the experimental feasibility of the designed architecture.
IV. CONCLUSIONS
The advent of electrical probe phase-change memory with ultra-high electrically conductive capping layer enables the write of amorphous bit without causing excessive temperature, which however can not be detected by the conventional electrical means. An optical model was therefore developed to calculate the transmission along with the spot position induced from a mobile SNOM. It was found that reducing the thickness of TiN capping and GST layers can lead to a discernible transmission contrast. 
